
Article
Control of Transmembrane Helix Dynamics by
Interfacial Tryptophan Residues
Matthew J. McKay,1 Ashley N. Martfeld,1 Anna A. De Angelis,2 Stanley J. Opella,2 Denise V. Greathouse,1

and Roger E. Koeppe II1,*
1Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas and 2Department of Chemistry and Biochemistry,
University of California at San Diego, La Jolla, California
ABSTRACT Transmembrane protein domains often contain interfacial aromatic residues, which may play a role in the inser-
tion and stability of membrane helices. Residues such as Trp or Tyr, therefore, are often found situated at the lipid-water
interface. We have examined the extent to which the precise radial locations of interfacial Trp residues may influence
peptide helix orientation and dynamics. To address these questions, we have modified the GW5,19ALP23 (acetyl-GGALW5

(LA)6LW
19LAGA-[ethanol]amide) model peptide framework to relocate the Trp residues. Peptide orientation and dynamics

were analyzed by means of solid-state nuclear magnetic resonance (NMR) spectroscopy to monitor specific 2H- and 15N-labeled
residues. GW5,19ALP23 adopts a defined, tilted orientation within lipid bilayer membranes with minimal evidence of
motional averaging of NMR observables, such as 2H quadrupolar or 15N-1H dipolar splittings. Here, we examine how peptide
dynamics are impacted by relocating the interfacial Trp (W) residues on both ends and opposing faces of the helix, for example
by a 100� rotation on the helical wheel for positions 4 and 20. In contrast to GW5,19ALP23, the modified GW4,20ALP23 helix
experiences more extensive motional averaging of the NMR observables in several lipid bilayers of different thickness. Individual
and combined Gaussian analyses of the 2H and 15N NMR signals confirm that the extent of dynamic averaging, particularly
rotational ‘‘slippage’’ about the helix axis, is strongly coupled to the radial distribution of the interfacial Trp residues as well as
the bilayer thickness. Additional 2H labels on alanines A3 and A21 reveal partial fraying of the helix ends. Even within the context
of partial unwinding, the locations of particular Trp residues around the helix axis are prominent factors for determining
transmembrane helix orientation and dynamics within the lipid membrane environment.
INTRODUCTION
The lipid bilayers of cell membranes host a variety of mem-
brane proteins for which essential protein-lipid interactions
influence the management of biological function. Indeed, a
better understanding of protein-lipid interactions will be
crucial for more complete elucidation of the molecular con-
trol mechanisms that underlie cell signaling and other ac-
tions mediated by membrane proteins. Transmembrane
domains of proteins are often anchored within their lipid
environment by flanking aromatic or charged residues (1).
For example, four Trp (W) residues at positions 9, 11, 13,
and 15 govern the folding and anchor the subunits of gram-
icidin A (gA) ion channels produced by Bacillus brevis,
wherein the channel protein consists of two monomeric pep-
tides that dimerize at the N-terminal in the lipid bilayer (2).
The subunit anchoring is a result of the Trp indole ring’s af-
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finity for the membrane interface and is also what prevents
each subunit from crossing the bilayer (3). Therefore, the
peptide must be added to each opposing bilayer leaflet to
form channels. Whereas tryptophans 9 and 11 in gA are
essential for efficient channel formation, replacing residues
13 and 15 in gAwith Phe interestingly allows the peptides to
cross the membrane in a putative double-stranded confor-
mation and then form channels (4,5). The different out-
comes for modified gA sequence isomers (having Phe 9,
11 as opposed to Phe 13, 15) are particularly intriguing in
that the differing properties are caused by different relative
locations of interfacial aromatic Trp and Phe residues.

Indeed, interfacial Trp residues are important for the
functioning of a number of membrane proteins. For
example, conserved Trp residues provide membrane
anchoring and govern helix dynamics and association to
form functional integrin aIIbb3 heterodimers (6), wherein
it is noted that particular Trp residues at different helix
locations interact with heterogeneous lipids and cannot
necessarily be functionally replaced by Tyr or Phe.
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FIGURE 1 Molecularmodels ofGWALP-like peptides. From left to right,

W2,3,21,22ALP23,W2,22W5,19ALP23, GW5,19ALP23, andGW4,20ALP23 are

shown. For amino acid sequences, see Table 1. Themodel for GW4,20ALP23

was rotated 90�. To see this figure in color, go online.
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Additionally, the switching between the kinase and phos-
phatase activities of a bacterial thermosensor is linked not
only to temperature, membrane thickness, and the hydro-
phobic length of a helix but also to whether Trp or Phe oc-
cupies a particular location on the transmembrane helix (7).
For larger and more complex membrane proteins (for
example, NADH:ubiquinone oxidoreductase, which has
multiple transmembrane helices with interfacial Trp and
Tyr residues (8)), it becomes more difficult to characterize,
individually or collectively, the local or global impact ex-
erted by the aromatic residues. However, fundamental and
broadly applicable insights may be obtained at the single-
residue level from investigations of model peptide-lipid
systems that incorporate defined molecular features. In
particular, examinations of how individual interfacial resi-
dues affect the orientation and dynamic behavior of a trans-
membrane helix are feasible using model peptide systems.
Within such model systems, direct sequence modifications
can be made and compared such that resulting changes in
the peptide-lipid interaction can be investigated in detail.
Varying the membrane composition, lipid acyl chain length,
or peptide helix length may offer additional insights into
these types of interactions (9,10). To match the hydrophobic
lengths of different lipids, variable numbers of repeating
pairs of core helix-forming residues, such as leucine-alanine
(LA)n repeats, may be used within a peptide’s central helical
sequence (11), with aromatic or charged residues flanking
each end of the principal helix.

The original acetyl-GWW(LA)nLWWA-amide (WALP)
family peptides were based on a sequence that included
TABLE 1 Sequences of GW5,19ALP23 and High Dynamic Averaging

Name Seq

GW5,19ALP23 acetyl-GGALW5LALALA

W2,22W5,19ALP23 acetyl-GW2ALW5LALALA

W2,3,21,22ALP23 acetyl-GW2W3LALALALA

Y4,5GW19ALP23 acetyl-GGAY4Y5LALALA

GW4,20ALP23 acetyl-GGAW4ALALALA
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four interfacial Trp residues, acetyl-GWW-(LA)n-LWWA-
[ethanol]amide (Fig. 1; Table 1) (11). These peptides proved
useful for examining the fundamentals associated with
membrane partitioning by interfacial tryptophan residues
and the modulation of lipid phase behavior when the hydro-
phobic length of the peptide helix was shorter than the thick-
ness of the lipid bilayer (11). Although the original concept
envisioned a transmembrane helix normal to the bilayer, the
WALP peptides subsequently were discovered to adopt a
defined tilted orientation within lipid bilayers, with ‘‘appar-
ently’’ only a ‘‘minor’’ dependence on lipid acyl chain
length (12,13). Indeed, a nonzero tilt angle between the he-
lix axis and the bilayer normal has by now been universally
observed with many peptides and has been rationalized in
terms of the favorable precession entropy that accompanies
a finite tilt angle (14). The minor apparent response to
bilayer thickness subsequently was attributed to motional
averaging of the solid-state nuclear magnetic resonance
(NMR) observables (15,16), primarily in the form of rota-
tional ‘‘slippage’’ about the helix axis (16,17). The motion
furthermore has been correlated with the presence of four
interfacial tryptophan residues, two at each end of the
core sequence, potentially competing among themselves
for preferential orientations at the lipid-water interface
(17–20). The pairs of tryptophan residues were mutated to
other aromatic or charged residues (21,22) to observe how
different pairs of identical residues could impact the trans-
membrane peptide helix behavior.

It was eventually determined that a single tryptophan res-
idue at each end of the core helix is sufficient to minimize
aggregation, regulate a hydrophobic peptide helix within a
lipid membrane, and define its orientation, as seen with
GW5,19ALP23 (acetylGGALW-(LA)6-LWLAGA-amide)
(23,24). Furthermore, it was discovered that fraying of helix
ends may be crucially important for stabilizing the defined
transmembrane orientation (25). The presence of fewer
tryptophans tends to diminish the motional averaging and
increase the sensitivity of the peptide helix to changes in
lipid bilayer thickness. Indeed, GW5,19ALP23 is observed
to adopt a well-defined tilt angle that scales with lipid
bilayer thickness (26). The limited averaging exhibited by
transmembrane GW5,19ALP23 stands in stark contrast to
the behavior of transmembrane WALP peptides (27,28).

The effects of repositioning individual Trp residues have
been tested by following placements that were shifted
by 5200� from positions 5,19 to positions 3, 21 (outward)
or positions 7, 17 (inward), thereby increasing or decreasing
GWALP-like Peptides

uence Reference

LALALALW19LAGA-amide (15)

LALALALW19LAW22A-amide (4)

LALALALALW21W22A-amide (28)

LALALALW19LAGA-amide (11)

LALALALAW20AGA-amide this work



Interfacial Trp and TM Helix Dynamics
the length of the hydrophobic core and the Trp-Trp distance
along the helix axis while maintaining an analogous radial
separation of the flanking tryptophans on one face of the he-
lix (27). GW3,21ALP23 adopts a similar tilt distribution to
that of GW5,19ALP23 within various lipid bilayer mem-
branes, with low to moderate levels of motional averaging,
whereas GW7,17ALP23 orients with smaller average tilt an-
gles because of its shorter hydrophobic core helix.

Bearing in mind the extensive differences in motional
averaging observed with different numbers of interfacial
Trp residues, a principal aim of the research described
here is to examine the influence of individual Trp residue
radial locations on the transmembrane helix properties
when two Trp residues are present, one at each end of the
core helix. To this end, we moved W5 and W19 of
GW5,19ALP23 each 100� outward to positions 4 and 20.
As a consequence, the radial separation of the two aromatic
residues changed from �40 to þ160�. Whereas W5 and
W19 are located on the same helix face, W4 and W20 are
located on opposite faces of the helix, raising new questions:
how will these Trp residue placements affect the peptide dy-
namics? What role might helix-terminal unwinding play
now that fewer residues are available for fraying beyond
each aromatic residue? Answering such questions will
provide a framework to better understand how the interac-
tions between transmembrane domains and their lipid envi-
ronments are governed by specific residues within their
sequences.
MATERIALS AND METHODS

2H-labeled peptide synthesis

The sequence of the host peptide GW5,19ALP23 was altered by changing

tryptophans 5 and 19 to alanines while changing leucines 4 and 20 to trypto-

phans to yield the sequence for GW4,20ALP23 (Table 1). Peptides were syn-

thesized using solid-phase FastMoc chemistry on a 0.1 mmol scale, as

previously described (18), using amodel 433AApplied Biosciences synthe-

sizer by Life Technologies (Foster City, CA). L-alanine-d4 was purchased

from Cambridge Isotope Laboratories (Andover, MA) and modified to

Fmoc-L-alanine-d4, as previously described (29). Successful synthesis of

Fmoc-L-alanine-d4 was verified by 1H NMR. Each peptide was labeled

with two Ala-d4 residues in different isotope abundances. Peptides were pu-

rified using reversed-phase high-performance liquid chromatography with

an octyl silica column (Zorbax Rx-C8, 9.4 � 250 mm, 5 mm particle size;

Agilent Technologies, Santa Clara, CA) and with a gradient of 92–96%

methanol (with 0.1% trifluoroacetic acid) over 32 min. Peptide purity of

>95%andmolarmasswere confirmedbymeans of reversed-phase high-per-

formance liquid chromatography and matrix-assisted laser desorption/ioni-

zation mass spectrometry, respectively, as indicated in Figs. S1 and S2.

To confirm peptide a-helicity, circular dichroism (CD) samples were pre-

pared by combining 62.5 nM peptide with 3.75 mM lipid (1/60). Mixtures

were initially dissolved in methanol/chloroform; the solvents were removed

with a stream of N2 gas. The peptide/lipid films were further dried under

vacuum for 48 h, hydrated to the final concentrations noted above, and

then sonicated to form lipid vesicles with incorporated peptide. Each

experiment consisted of 15 scans that were recorded with a Jasco (Easton,

MD) J-1500 CD/fluorescence spectropolarimeter at 22�C using a 1 mm cell

path length, 1.0 nm bandwidth, 0.1 nm slit, and a scan speed of 20 nm/min.
Solid-state 2H NMR spectroscopy

For mechanically aligned samples, peptides were incorporated into lipid

bilayers, as previously described (12), with a peptide/lipid molar ratio of

1:60 using dilauroylphosphatidylcholine (DLPC), dimyristoylphosphati-

dylcholine (DMPC), or dioleoylphosphatidylcholine (DOPC) from Avanti

Polar Lipids (Alabaster, AL) and a final hydration of 45% w/w using deute-

rium-depleted water from Cambridge Isotope Laboratories. Bilayer align-

ment in the liquid-crystalline samples was confirmed by 31P NMR using

a Bruker (Billerica, MA) Avance 300 spectrometer with broadband 1H

decoupling. Sample orientations at both b ¼ 0� (bilayer normal parallel

to the magnetic field) and b ¼ 90� were tested. A quadrupole echo pulse

sequence was utilized with full phase cycling (30) at 50�C at both sample

orientations. The quadrupole echo delay was 4.5 ms, and the recycle delay

was 90 ms. Between 0.7 and 1.5 million scans were acquired for each 2H

NMR experiment, and the spectra were processed with 150 Hz line

broadening.

For experiments in which magnetically aligned bicelle samples contain-

ing 2H-labeled peptides were examined, the samples were prepared as

described below.
Solid-state 15N NMR spectroscopy

Magnetically aligned bicelle samples (1:105, peptide/total lipid) were pre-

pared by combining 61 mmol DMPC, 19 mmol ether-DHPC (dihexanoyl-

phosphatidylcholine) (q ¼ 3.2, long lipid/short lipid) from Avanti Polar

Lipids, and 0.76 mmol peptide. Peptide and DMPC were mixed, dried

down under nitrogen flow, and then placed under vacuum for 48 h to remove

residual organic solvent. Separate aliquots of ether-linked-DHPC were

dried down in the same manner. The peptide/DMPC mixture and the

ether-linked-DHPC were hydrated separately with 100 and 75 mL of
2H-depleted water for a minimum of 4 h with intermittent vortexing. The

ether-linked-DHPC was then added to the peptide/DMPC mixture, and

the combined sample was subjected to multiple freeze-thaw cycles, alter-

nating the temperature between 0 and 42�C with gentle intermittent vortex-

ing until the sample remained clear at 0�C. While still cold, the sample

liquid was transferred to a 5 mm NMR tube (New Era Enterprises, Vine-

land, NJ) and sealed.

For 15N-detected separated local field experiments, GW4,20ALP23 was

synthesized with five 15N-labeled residues at positions 13–17. Fmoc-L-

Ala-15N andFmoc-L-Leu-15Nwere purchased fromCambridge IsotopeLab-

oratories. 15N chemical shifts and 15N/1H dipolar coupling signals were

recorded using a 700MHzBruker Avance spectrometer with aMagnexmag-

net and room temperature shims. A home-built, ‘‘low-E’’ 15N/1H double

resonance probe with a 5 mm modified Alderman-Grant coil was used to

minimize sample heating (31). The GW4,20ALP23 sample in DMPC/ether-

linked-DHPC bicelles was equilibrated in the magnetic field at 42�C (just

below the critical temperature for DMPC/DHoPC (1,2-O-dihexyl-sn-glyc-

ero-3-phosphocholine) bicelle structural transformation at q ¼ 3.2) for

30 min before initiating the NMRmeasurements. Previously, we have found

that the peptide order parameter in plated samples remains essentially con-

stant from 40 to 60�C; optimal spectral resolution is observed at 50�C
(17,32). To confirm this feature, in Fig. S3, 2H NMR spectra for a plated

DMPC sample at 42 vs. 50�C show only a�0.1 kHz difference in quadrupo-

lar splittings after 800,000 acquisitions. Agreeing with previous results, bet-

ter spectral resolution is observed for plate samples at 50�C as opposed to the

lower temperature. SAMPI-4 (33) separated local field spectrawere recorded

with 256 scans, 64 t1 increments, and a recycle delay of 6.5 s. The t1 evolu-

tion was preceded by a 1 ms cross-polarization mismatch-optimized I to

S transfer cross-polarization (34), which compensates for the power

mismatch. The 1H irradiation at all times was 46.3 kHz, and the composite

pulse small phase incremental alternation, with 16 steps was applied for
1H heteronuclear decoupling during the 10 ms acquisition time (35,36).

The 1H carrier frequency of �9 ppm is optimal for transmembrane helices

in perpendicular, magnetically oriented bilayers (37).
Biophysical Journal 114, 2617–2629, June 5, 2018 2619



FIGURE 2 Circular dichroism spectra for GW4,20ALP23 in DLPC (red),

McKay et al.
The 15N NMR data sets were processed and displayed using the pro-

grams NMRPipe/NMRDraw (38) and Sparky (39) using a dipolar

coupling scaling factor of 0.61 for SAMPI-4 evolution (33). The chemical

shifts were externally referenced to 15N-labeled solid ammonium sulfate

set to 26.8 ppm, corresponding to the signal from liquid ammonia at

0 ppm (40). The 15N data for W2,22W5,19ALP23 and GW5,19ALP23 (Ta-

ble 1) had been previously processed with line broadening, with zero

filling applied to both dimensions, and with apodization via a 36� shifted

sine-squared bell function applied to the indirect dimension with a first

point scaling factor of 0.5 (17,18). To account for truncation of data in

both data sets (primarily in t1), the W2,22W5,19ALP23 and GW5,19ALP23
15N data presented in this study were reprocessed by omitting line broad-

ening and instead applying linear prediction, zero filling, and a 36� shifted
sine-squared bell function without first point adjustment to both

dimensions.
DMPC (blue), and DOPC (black) vesicles. To see this figure in color, go

online.

Data analysis

Preferred peptide helical orientations were assessed by several independent

or combined analytical methods. The patterns for the recorded 2H quadru-

polar splittings were evaluated by a geometric analysis of labeled alanines

(‘‘GALA’’ (geometric analysis of labeled alanines)), as previously described

(12). The semistatic GALAmethod is based on three adjustable parameters:

the apparent azimuthal rotation (or tilt direction) r0 with respect to the a-

carbon of Gly1, the apparent average tilt t0 of the helix axis relative to

the bilayer normal, and a principal order parameter Szz. The whole body dy-

namics of the peptide can be described by analyzing the oscillations about

the helix t0 or r0; Gaussian treatments of 2H quadrupolar splittings, 15N

chemical shifts, and 15N/1H dipolar couplings were employed to further

analyze the dynamics, following the method of Vostrikov (17). The

Gaussian analysis of helix dynamics relies on four adjustable parameters:

r0, t0, a distribution sr (rotational ‘‘slippage’’), and a distribution st (helix

‘‘wobble’’). For this particular study, the Gaussian calculations were per-

formed as previously described (17) over the ranges of 0–30� for st, 0–

200� for sr, 0–90� for t0, and 0–359� for r0 in 1� increments. For compar-

ative purposes, the 2H quadrupolar splittings and the 15N chemical shifts

with 15N/1H dipolar couplings were subjected to individual Gaussian ana-

lyses (2H ‘‘only’’ or 15N ‘‘only’’) as well as to combined analysis of the

full data sets.
FIGURE 3 31-Phosphorous NMR spectra for GW4,20ALP23 in (A) ori-

ented DMPC bilayers and (B) DMPC/DHPC bicelles. To see this figure

in color, go online.
RESULTS

Model transmembrane peptides such as GW5,19ALP23 and
its analogs exhibit a-helical secondary structure in lipid-
bilayer membranes. The high stability of the repeating
Leu-Ala core helix is manifested in the increased strength
of backbone hydrogen bonds within a hydrophobic lipid
environment (41,42). Relocating the Trp residues in
GW5,19ALP23 to positions 4 and 20, as in GW4,20ALP23,
increases the length of the hydrophobic core sequence
from (LA)6L (13 residues) to A(LA)7 (15 residues). To char-
acterize the secondary structure, CD spectra were recorded
at 22�C for GW4,20ALP23 incorporated within DLPC,
DMPC, and DOPC vesicles with a P/L ratio of 1:60
(Fig. 2). Indeed, an a-helical folding motif is confirmed in
each lipid bilayer sample by the spectral minima observed
at 208 and 222 nm. The relative ellipticity ratio (e222/e208)
is greater than 0.91 in each lipid. When DOPC is the host
lipid, the spectral noise observed below 200 nm is due to
the absorbance of ultraviolet radiation by the double bonds
present in the acyl chains of DOPC.
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Solid-state NMR techniques can be utilized to determine
the extent of a helix and the average peptide and lipid orien-
tations and dynamics within lipid bilayers. The 31P NMR
spectra confirmed the presence of oriented lipids within
the mechanically aligned bilayers and magnetically aligned
bicelle samples. The peptide-lipid bilayer samples (1:60,
peptide:lipid) were set so that the membrane normal was
either perpendicular (b ¼ 90�) or parallel (b ¼ 0�) to the
applied magnetic field (Fig. 3 A). For the b ¼ 90� spectra,
a single peak was typically observed near �16 ppm; for
the b¼ 0� spectra, a major peak was observed nearþ30 ppm
with a minor peak at �16 ppm, indicating small amounts of
unoriented lipid. Peptide-bicelle samples (1:80, pepti-
de:DMPC; or 1:105, peptide:(DMPCþDHoPC), q ¼ 3.2)
were observed to align properly giving b ¼ 90� with respect
to the applied magnetic field (Fig. 3 B). In Fig. 3 B, the
major 31P peak results from the DMPC head groups in the



TABLE 2 15N Chemical Shifts and 1H-15N Dipolar Splittings for

GW4,20ALP23 in DMPC/DHPC Bicelles

DMPC/DHPC

Position

13 14 15 16 17

15N chemical shift (ppm) 88.4 84.1 82.4 84.5 89.7
1H-15N coupling (kHz) 3.53 3.15 3.55 3.33a 3.38

aThe aberrant 1H-15N coupling for residue 16 was omitted from future data

analyses.

Interfacial Trp and TM Helix Dynamics
bicelles, and the minor peak is from the ether-linked-DHPC
head groups of the shorter lipids.

Insights into the orientation and dynamics of the
GW4,20ALP23 transmembrane helix were gained from 15N
and 2H solid-state NMR experiments. The 15N NMR spec-
trum of GW4,20ALP23 in DMPC/DHoPC bicelles reveals
five 15N amide resonances, two of which overlap (Fig. 4
B). The 15N chemical shift frequencies span the narrow
range between 82 and 90 ppm (Table 2), providing evidence
of substantial motional averaging. Additional assignments
(shown in Fig. 4 A) indicate that the 15N resonances from
leucines 14 and 16 overlap in Fig. 4 B. The two-dimensional
15N-detected SAMPI-4 spectra reveal a ‘‘PISA’’ (polarity
index slant angle) wheel composed of the five signals corre-
sponding to the five 15N-labeled core residues 13–17 (Fig. 4
A). In similar fashion to the 15N chemical shifts, the 15N/1H
splittings also lie within a narrow range (3.1–3.6 kHz)
(Fig. 4 A; Table 2). The signals in Fig. 4 A were assigned
by comparison with 2H NMR data and a subsequent com-
bined analysis (see below). Position L16 produced an ‘‘aber-
FIGURE 4 Separated local-field PISEMA spectra. (A) 15N/1H-separated

local-field spectrum for GW4,20ALP23 is shown. The sample is oriented in

DMPC/DHPC bicelles and contains 15N-labeled residues 13–17 (assigned

as depicted). (B) A one-dimensional 15N NMR spectrum for GW4,20ALP23

is shown.
rant’’ dipolar coupling value that moved the peak somewhat
‘‘inside’’ the PISA wheel, probably also reflecting dynamic
averaging; because of the peak location in Fig. 4 A, the
L16 dipolar coupling was not used in the analysis described
below. The averaging observed for the 15N signals suggests
that the GW4,20ALP23 helix may experience extensive
motion about its apparent average orientation in a bicelle
environment.

Additional solid-state NMR experiments, including 2H
NMR measurements, can be used to analyze further the na-
ture of helical peptides in oriented lipid bilayer membranes.
To this end, 2H-labeled alanine residues were incorporated
into the core helix of GW4,20ALP23, and solid-state NMR
was used to monitor the peptide’s behavior in aligned lipid
bilayers of increasing thickness (DLPC<DMPC<DOPC).
For these spectra, mechanically aligned bilayer samples
produce solid-state NMR observables that are similar to
those from magnetically aligned bicelle samples (17).
GW5,19ALP23 was previously observed to adopt well-
defined orientations relative to bilayer thickness (23,26),
and similar responses were seen when the interfacial trypto-
phan residues were relocated by 5 two sequence positions
to effectively increase or decrease the length of the Leu-Ala
core sequence (27). The helix of GW4,20ALP23 (Fig. 5) be-
haves differently.

Each 2H-labeled core alanine residue in GW4,20ALP23
yields a unique deuterium quadrupolar splitting when the
lipid-peptide samples are aligned with b ¼ 90� (Fig. 5)
or b ¼ 0� (Fig. S4). The variations among the core Ala-
CD3 Dnq magnitudes (Fig. 5; Table 3) indicate that
GW4,20ALP23 is tilted away from the bilayer normal because
each value would be the same if the peptide helix were paral-
lel to the membrane normal (12). TheDnqmagnitudes for the
core labels are observed, nevertheless, to span a frequency
range from �0.5 to 16.0 kHz in all three lipids. The range
is indeed narrow when compared to that of the parent trans-
membrane GW5,19ALP23 helix, for which the core alanines
display 2H jDnqj values ranging from 1.0 to 27 kHz (26). The
large extent of motional averaging of the 2H Dnq values for
GW4,20ALP23 correlates with the narrow ranges of reso-
nance frequencies and dipolar splittings observed in the
15N-based experiments (Fig. 4), again suggesting the
presence of additional motions in the GW4,20ALP23 helix;
these may involve ‘‘wobble’’ about the helix tilt angle or
‘‘slippage’’ around the helix axis (17,19,28,43).
Biophysical Journal 114, 2617–2629, June 5, 2018 2621



FIGURE 5 Deuterium quadrupolar splittings for

GW4,20ALP23 in oriented DLPC, DMPC, and

DOPC bilayers for samples oriented with b ¼
90�. The 2H-labeled alanine identities are, from

top to bottom, (5,7), (9,11), (13,15), (17,19), and

(3,21), with the first alanine of each pair 100%

deuterated and the second alanine 50% deuterated.

McKay et al.
Overlaying the 15N PISA wheel of GW5,19ALP23
(Fig. 6 A) onto the spectrum of GW4,20ALP23 (Fig. 6 B)
puts the extent of motional averaging into a visual context.
The 15N backbone signals (black contours) for
GW4,20ALP23 are clustered to one side of the wheel pro-
duced by GW5,19ALP23 (red contours, black ring). The
15N resonances of GW4,20ALP23 converge around essen-
tially the same location as the extensively averaged signals
from the corresponding labels in residues 13–17 in
W2,22W5,19ALP23 (blue contours in Fig. 6 B). Neither set
of peptide 15N resonances converges toward the value calcu-
lated for t0 ¼ 0� (4.1 kHz, 79.3 ppm, when b¼ 90�; Fig. 6),
and they instead remain within the larger GW5,19ALP23
PISA wheel, which implies that the PISA signal conver-
gence and 2H signal averaging are likely due to dynamics
(17). We note that the data set presented here for
W2,22W5,19ALP23 has been reprocessed to isolate previ-
ously unresolved peaks; see Materials and Methods. The
PISA wheel signal convergence suggests that the
GW4,20ALP23 helix undergoes extensive motional aver-
aging in DMPC/DHoPC bicelles. In Fig. S5, we additionally
show several examples of PISA wheels that illustrate the
TABLE 3 Quadrupolar Splitting Magnitudes for Labeled

Alanine CD3 Groups in GW4,20ALP23

Lipid(s)

Alanine CD3 Position/ Dnq (kHz)

3 5 7 9 11 13 15 17 19 21

DLPC 15.7 2.1 14.0 1.4 14.6 0.8 12.2 1.8 8.2 0.1

DMPC 14.5 6.6 10.3 4.1 9.9 1.8 10.3 1.6 9.0 1.0

DOPC 13.1 10.2 5.3 10.4 4.2 9.4 6.8 2.9 6.2 3.3

DMPC/DH(o)PC 12.8 5.4 11.0 3.0 9.2 1.9 11.2 1.9 8.2 6.4

Quadrupolar splittings (jDnqj, in kHz) are reported for samples oriented

with b ¼ 0� and are twice the magnitude observed when b ¼ 90�. The
core alanine residues 5, 7, 9, 11, 13, 15, 17, and 19 sit between W4 and

W20 in the sequence, whereas the juxtaterminal alanines 3 and 21 are

near the ends. The DMPC/DH(o)PC lipid mixture indicates bicelle samples

with q ¼ 3.2.
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different trends for changing the helix tilt as opposed to
changing the helix motion. Fitting the polarization inversion
with spin exchange at magic angle (PISEMA) spectra for
FIGURE 6 Helix dynamics illustrated by separated local-field PISEMA

spectra. (A) Data and PISA wheel for GW5,19ALP23 are shown. (B) The

PISA wheel from (A) is repeated along with data showing extensive

motional averaging for W2,22W5,19ALP23 (blue contours) and for

GW4,20ALP23 (black contours). Each sample is oriented in DMPC/DHoPC

bicelles with b ¼ 90� and is 15N-labeled in residues 13–17 (assigned as

indicated). The spectra for GW5,19ALP23 and W2,22W5,19ALP23 were re-

corded previously (17,18). To see this figure in color, go online.
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GW4,20ALP23 and W2,22W5,19ALP23 (Fig. 6) requires
extensive motional averaging.

Several methods were employed to deduce the average
helix orientation and quantify the dynamics of
GW4,20ALP23. Notably, the availability of eight core
alanine data points enabled a full Gaussian analysis (see
(17) and (28)) for GW4,20ALP23 using the 2H quadrupolar
splitting magnitudes jDnqj observed for the core helix
alanine residues spanning sequence positions 5–19 in bila-
yers of DLPC, DMPC, and DOPC (Table 4). The Gaussian
analysis generates estimates for peptide dynamics by
considering the widths of the distributions (st and sr) about
the helix’s average tilt (t0) and azimuthal rotation (r0). A
full Gaussian treatment requires four adjustable parameters
(t0, st, r0, and sr) while holding a principal order parameter
Szz to a fixed value, typically 0.88, as an estimate for the
overall isotropic motion of the peptide with respect to its
average orientation (16). A modified Gaussian analysis
(13,19) can provide a suitable alternative approach when
there are insufficient data points available to treat the four
variables independently. While also setting Szz to 0.88,
this modified calculation requires only three adjustable pa-
rameters (t0, r0, and sr), as st has been found to be a less
important descriptor (28) that can be assigned a small finite
value (19).

For comparison with GW4,20ALP23, a modified Gaussian
analysis was performed for GW5,19ALP23 to represent low
dynamic averaging and Y4,5GW19ALP23 to represent high
dynamic averaging (18). Each of the latter helices contains
only six core alanine data points. The fitted sr-values that
emerge from the full Gaussian treatment of the eight core al-
anines for GW4,20ALP23 exceed 80� in both DLPC and
DOPC bilayers (Table 4). These results are comparable to
those calculated for Y4,5GW19ALP23 (>70�). The large
sr-values are consistent with rotational ‘‘slippage’’ about
the helix axis of the peptide’s average orientation, leading
to the motional averaging observed in the 15N NMR as
well as the 2H NMR data. The behavior of the
TABLE 4 Comparison of Orientations and Dynamics Calculated by

of GWALP23 Family Peptides

Analysis DLPC

CD3 Gaussian t0 r0 sr RMSD (kHz) t0 r0

W4,20 16� 321� 85� 0.49 5.0� 347

Y4,5b 14� 259� >90� 1.7 15� 321

W5,19b 23� 304� 33� 0.70 13� 308

GALA t0 r0 Szz RMSD (kHz) t0 r0
W4,20 6.0� 322� 0.72 0.70 3.3� 349

Y4,5 5.0� 260� 0.66 1.6 3.0� 323

W5,19 20.7� 305� 0.71 0.66 11.7� 311

The abbreviations refer to peptides based on the locations of selected aromatic

GW5,19ALP23. See also Table 1.
aFor GW4,20ALP23 in DOPC, the 2H jDnqj value for position 17 was left out of
bFor the six core Ala-CD3 data points of GW

5,19ALP23 and Y4,5GW19ALP23, a

while constraining st to 5� (19). For the eight core Ala-CD3 data points of GW
4,2

15�, 20�, and 5� in DLPC, DMPC, and DOPC, respectfully.
GW4,20ALP23 helix in DOPC and DLPC bilayers differs
substantially from the reduced dynamics calculated for
GW5,19ALP23 in the same lipids. Indeed, the sr-values
for the parent GW5,19ALP23 helix are less than 50� in all
three lipids. Surprisingly, the estimated sr-value for
GW4,20ALP23 in DMPC is much lower (51�) than its corre-
sponding sr-values in DLPC and DOPC (Table 4). This
lower sr for GW

4,20ALP23 in DMPC bilayers is similar to
that observed for GW5,19ALP23 in DMPC and DOPC.
The reason for this unusual lipid dependence of sr for
GW4,20ALP23 remains to be determined. However, we
note that the gel-fluid phase transition temperature of
23�C for DMPC is higher than those of the other lipids
used in the experiments, and this result in DMPC contrasts
with that for Y4,5GW19ALP23, which is highly dynamic in
all three lipids.

The results of the Gaussian analysis were compared to
those from a semistatic GALA analysis, which uses a grid
search to find the lowest root mean-square deviation
(RMSD) for fitting the 2H alanine jDnqj values based on
three adjustable parameters: t0, r0, and Szz. The GALA
curves previously calculated for GW5,19ALP23 are shown
for comparison in Fig. 7 A (26). For this peptide helix,
similar results emerge from the GALA and Gaussian ana-
lyses, even though the values of t0 are slightly lower for
the GALA method regardless of the lipid environment (Ta-
ble 4). Importantly, the dependence of t0 upon the bilayer
thickness is maintained in both methods of analysis. The
trends for the GALA (or Gaussian)-derived values of t0
for GW5,19ALP23 are that t0 decreases from �20.7� (or
23�) in DLPC to 11.7� (or 13�) in DMPC and to 6.0� (or
9�) in DOPC (Table 4). Thus, it is evident that the helix
tilt decreases as the lipid bilayer thickness increases. In
contrast, when the tryptophans are relocated to positions 4
and 20, increased motional averaging obscures the trend
such that the peptide helix no longer exhibits a clear rela-
tionship between an apparent t0 and the bilayer thickness
(Fig. 7 B). Instead, according to the GALA analysis, the
GALA and Gaussian Analyses Using Ala-CD3 jDnqj Magnitudes

DMPC DOPC

sr RMSD (kHz) t0 r0 sr RMSD (kHz)

� 51� 0.68 9.0� 129� 122� 0.78a

� 124� 0.63 6.0� 344� 72� 0.9
� 44� 1.1 9.0� 321� 48� 0.7

Szz RMSD (kHz) t0 r0 Szz RMSD (kHz)
� 0.71 0.85 1.7� 133� 0.81 0.80a

� 0.77 0.60 3.0� 359� 0.82 1.1
� 0.86 0.90 6.0� 323� 0.87 0.6

residues W4,20 in GW4,20ALP23, Y4,5 in Y4,5GW19ALP23, and W5,19 in

the analysis, as it deviates from the calculated GALA curve (see Fig. 7 C).

modified three-variable Gaussian treatment was used as described by (28)
0ALP23, a full Gaussian analysis was used, and the resulting st-values were
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FIGURE 7 ‘‘Apparent’’ GALA quadrupolar wave plots for transmem-

brane peptide helices in DLPC (red circles), DMPC (blue triangles), or

DOPC (black squares) oriented bilayer membranes. (A) GW5,19ALP23,

(B) Y4,5GW19ALP23, and (C) GW4,20ALP23 are shown. (C) denotes the

positions of the deuterium-labeled alanine residues. Only (A) reflects

correctly the variation of the helix tilt t0 and the constant helix azimuthal

rotation r0 in the different bilayers. The amplitudes and phases of the waves

in (B) and (C) reflect excessive dynamic averaging of the 2H quadrupoles.

See text for details. See also Table 4. To see this figure in color, go online.

FIGURE 8 Model to describe transmembrane peptide motions and dy-

namics with respect to the bilayer normal B0. The apparent average helix

tilt and rotation are denoted by t0 and r0, respectively, and the oscillations

about these orientations are shown as the helical ‘‘wobble’’ (st) and rota-

tional ‘‘slippage’’ (sr). To see this figure in color, go online.

McKay et al.
GW4,20ALP23 helix ‘‘appears’’ to adopt a relatively small
t0-value in all three lipids (%6.0�). The low t0 angles in
DLPC and DOPC do not match the tilts obtained in the
full Gaussian analysis (which would be expected in
the case of a peptide undergoing dynamic averaging, as
the GALA does not consider the oscillating motions about
r0 and t0), yet in DMPC, the t0-values from both methods
of analysis are remarkably similar.

Dynamic averaging is manifest in several ways (see
Fig. 8). For example, large values of sr in the Gaussian anal-
ysis indicate extensive rotational averaging about the helix
axis, as is evident for the Y4,5GW19ALP23 helix in all three
lipids and for the GW4,20ALP23 helix in DLPC and DOPC
(Table 4). The fitted ‘‘apparent’’ values of r0 also reflect the
2624 Biophysical Journal 114, 2617–2629, June 5, 2018
dynamic properties. When sr is less than �50�, the
r0-values tend to be rigorously consistent in all three lipid
membranes, as is seen for GW5,19ALP23 in Fig. 7 A. By
contrast, when sr is very large, then the apparent r0-values
vary widely, as is seen for GW4,20ALP23 in Fig. 7 B and as
similarly observed for Y4,5GW19ALP23 (18). Interestingly,
when sr is large, the extensive dynamics about the peptide’s
helix axis has been indicated by consensus from a number of
different analytical treatments of not only experimental
data but also populations from molecular simulations
(13,15,26,42). Indeed, the accompanying r0 predictions
from the GALA and Gaussian methods tend to agree (Table
4), even though the t0 predictions from the GALA method
are systematically smaller by 5–10�. Extensive motional
averaging in the form of rotational slippage can essentially
mask the realistic t0-values, as has been observed previously
(15,44).

Besides the 2H NMR data, the 15N chemical shifts and
15N/1H dipolar couplings can be used to characterize pep-
tide dynamics with the Gaussian treatment. Indeed, we
have compared Gaussian analyses of GW4,20ALP23 in
bicelles of DMPC/DHoPC (based on 15N NMR data) with
results from mechanically aligned DMPC bilayer samples.
Notably, the 15N NMR data sets for the bicelles suggest a
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value of r0 that differs by �25� from the consistent predic-
tions from both the GALA and Gaussian analyses of the 2H
NMR data for the same helix in mechanically aligned
DMPC bilayers (Table 5). The different analytical outcomes
for r0 may indicate that the properties of the GW4,20ALP23
helix are somewhat different between the lipid environ-
ments provided by the bicelle and bilayer samples. We
note also that somewhat larger values of t0 and sr are calcu-
lated from the analysis of the helix properties in bicelles
(Table 5). To investigate further, we prepared 2H-labeled
samples of the GW4,20ALP23 helix in DMPC/DHoPC
bicelles. The measured 2H jDnqj values are quite similar
for the alanine methyl groups of the core helix but somewhat
different for the terminal alanines 3 and 21 (Figs. 9 and S6;
Table 3). The semistatic analysis furthermore generates
similar GALA curves for the core helix in DMPC bilayers
and DMPC/DHoPC bicelles (Fig. 9), with a similar value
of t0 (3.7�) and a value of r0 (339�) that differs by �10�

(Fig. 9) from that found for the helix in DMPC bilayers.
A Gaussian treatment applied to the bicelle 2H NMR data
also predicts a similar 10� difference in r0 while fitting t0
to 9.0� and sr to 64� (Table 5). The observed sr of 64�

and the 5� difference in t0 between the semistatic and full
Gaussian analyses would suggest somewhat more extensive
dynamics for the GW4,20ALP23 helix in bicelles. These var-
iations contrast with the dynamic analysis of the mechani-
cally oriented DMPC samples, for which similar results
emerge from the GALA and Gaussian methods.

To further clarify the helix properties in bilayer and bi-
celle samples, we performed a combined Gaussian analysis
(17) using the 15N chemical shifts and 15N/1H dipolar cou-
plings for bicelle samples along with the 2H jDnqj data
recorded for either bicelles or oriented samples. The com-
bined analysis (using 17 data points) for GW4,20ALP23 in
DMPC bilayers (with 15N bicelle data) predicts a similar
tilt and rotation to that of the bilayer 2H Gaussian data
set alone and a lower sr of �42� (Table 5). An additional
combined analysis using the 2H and 15N bicelle data for
GW4,20ALP23 (also 17 data points) reveals a similar tilt
t0-value (6�) as the analysis of the smaller 2H data
set alone (eight data points; Table 4). When comparing
TABLE 5 Comparison of GW4,20ALP23 in DMPC Oriented Samples

Analysis DMPC Bilayers

1H-15N/15N Gaussiana

CD3 Gaussian
b t0 r0 sr RMS

5.0� 347� 51�

Combined Gaussian t0 r0 sr RMS

4.0� 344� 42� 0

aNine data points consisting of five 15N chemical shifts and four 1H-15N dipola
bEight data points from the core alanine side chain CD3 quadrupolar splittings.
cCombined Gaussian analysis was performed using 1H-15N dipolar splittings and

ples (nine data points) with 2H data from bilayers (eight data points). The resul
dCombined Gaussian analysis was performed using all bicelle data (17 data po
the bicelle and bilayer results using either the 2H data alone
or all available data points in the combined analysis (Table
5), the prediction for r0 seems to differ by �10� between
bicelle and oriented samples, and sr is calculated to be
�20� higher for the helix in bicelles (62 vs. 42� for bila-
yers). It is possible that the minor variations with respect
to helix azimuthal rotation result from differences between
bicelle and lipid bilayer curvature and lipid composition
(see Discussion).

To illustrate the key links between helix dynamics and
Trp radial locations, the RMSD fits for the Gaussian and
GALA analyses as functions of t0 vs. r0 and st vs. sr for
GW4,20ALP23 and GW5,19ALP23 in DMPC/DHoPC
bicelles are shown and compared in Fig. S7. Both the
GALA and Gaussian methods generate an acceptable solu-
tion area for GW5,19ALP23 and agree on both t0 and r0. The
GALA analysis of GW4,20ALP23 reveals a larger range of
solutions with comparable probabilities for the peptide helix
adopting orientations over a range of r0-values at low values
of t0. The Gaussian refines this distribution about r0 some-
what, yet the similarly low average values for t0 are pre-
dicted. Furthermore, examination of the fits for st and sr
(see Fig. S7, top) reveals that GW4,20ALP23 generates the
lowest RMSD values at relatively high values of st
(�17�) and moderate values of sr, indicating much more
extensive motional averaging when the Trp radial locations
are moved 5100� from sequence positions (5,19) to (4,20).
DISCUSSION

The interfacial tryptophan residues present in many mem-
brane proteins merit detailed investigations because of their
profound effects on the structure and dynamics of trans-
membrane helices, which are the dominant structural
element of the helical class of membrane proteins.
GWALP-like peptides serve as effective models for the roles
of interfacial tryptophan residues that are tractable experi-
mental systems whose sequences can be readily altered,
enabling them to provide insights into how membrane pro-
teins are situated and moving within lipid membrane
environments.
and DMPC/DHPC Bicelle Dynamics

DMPC/DH(o)PC Bicelles

t0 r0 sr RMSD (kHz)

14� 321� 80� 0.59

D (kHz) t0 r0 sr RMSD (kHz)

0.68 9.0� 338� 64� 0.82

D (kHz) t0 r0 sr RMSD (kHz)

.85c 6.0� 337� 62� 1.00d

r splittings.

15N chemical shifts obtained from 15N-labeled DMPC/DHPC bicelle sam-

ting st-value was 16
�.

ints). The resulting st-value was 17
�.
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FIGURE 9 Comparison of the ‘‘apparent’’ GALA quadrupolar wave

plots for GW4,20ALP23 in DMPC oriented bilayers (black circles) and

DMPC/DHPC bicelles (red triangles). Positions 3 and 21 were left out of

both analyses. To see this figure in color, go online.

McKay et al.
The positioning of each particular tryptophan residue at
the lipid-water interface may adjust the alignment of the
parent helix to minimize hydrophobic mismatch between
peptide length and lipid thickness (45) and may also maxi-
mize favorable interactions with the lipid head groups. This
type of ‘‘anchoring’’ behavior along with possible ‘‘fraying’’
of the helix termini (25) is responsible for the relatively
modest dynamic averaging and the well-defined helix tilt
of GW5,19ALP23, a tilt that indeed increases systematically
whereas lipid thickness decreases (26). Nevertheless, when
multiple tryptophan residues are present, as seen in the
WALP peptides (11–13), competition may occur between
nearby aromatic residues as each one seeks an optimal
position at the interface. Such a molecular ‘‘tug of war’’
could contribute to the extensive motional averaging of
the transmembrane helix that is observed (15,44). The helix
motion is particularly evident through rotational averaging
of the axis of the tilted helix (15,17,43). It should be noted
that this phenomenon is not restricted to tryptophan resi-
dues. Although the replacement of W5 by Y5 in
Y5GW19ALP23 resulted in peptide dynamics similar to
the original GW5,19ALP23, an additional Tyr residue in
Y4,5GW19ALP23 (18) nevertheless led to additional
motional averaging, which was reminiscent of the properties
of the WALP and other peptides that have more than two
interfacial Trp residues. The extent of averaging was
much more modest when Y4 and Y5 were replaced with
F4 and F5, likely because of the absence of hydrogen-
bonding ability of the phenyl rings of F4 and F5 and, conse-
quently, a lower tendency to ‘‘seek’’ interactions with the
lipid head groups (19). Replacing these two aromatic side
chains by methyl groups in A4,5GW19ALP23 surprisingly
also resulted in a stabilized transmembrane helix experi-
encing low dynamic averaging (25). The complete lack of
2626 Biophysical Journal 114, 2617–2629, June 5, 2018
any side chain with hydrogen-bonding potential near the
N-terminal in both F4,5GW19ALP23 and A4,5GW19ALP23
raised questions concerning how a well-defined tilted trans-
membrane helix orientation could be stabilized and
maintained. The unfolding of helix termini may suggest
an answer; exposure of backbone groups caused by the un-
winding of 3–4 residues at the N- and/or C-termini could
serve to stabilize each peptide helix in a preferred trans-
membrane orientation and minimize the local motions
(25). The potential link between helix fraying and orienta-
tional stability of a helix in a phospholipid bilayer
environment may provide a bridge between the studies of
model systems, such as the WALP and GWALP peptides,
and membrane proteins with multiple transmembrane
helices.

In these studies, we again find that the helix termini are
partially unwound, as seen with the anomalous quadrupolar
splittings of residues 3 and 21 in Figs. 7 C and 9. Partial
helix unraveling characterized by such a pattern has also
been observed in the absence of a terminal Trp residues in
A4,5GW19ALP23 (25), and therefore, the quadrupolar split-
tings of alanines 3 and 21 are not a result of any interference
with an adjacent Trp. Even with the partial unwinding
present at the helix termini, relocation of the juxtaterminal
tryptophan residues from positions W5 and W19 in
GW5,19ALP23 to W4 and W20 is sufficient to introduce
additional motion into the system. Indeed, GW4,20ALP23
experiences comparable dynamic averaging to that of
Y4,5GW19ALP23 (18), with high values of sr observed in
both DLPC and DOPC bilayers. This extensive azimuthal
averaging about the helix axis is also responsible for the
apparent mismatch of t0-values between the semistatic
and Gaussian analyses. One factor that may influence the
azimuthal averaging is the radial positioning of particular
interfacial tryptophan residues, which more specifically
are located on opposite sides of the GW4,20ALP23 a-helix.
This arrangement is similar to that of W2 and W22 found
within the highly dynamic peptides W2,22W5,19ALP23 and
W2,3,21,22ALP23 (Fig. 1). Although competition between
tryptophan residues oriented on opposite helix faces could
play a major role in determining the helix dynamics, it is
not the only factor to consider. For example, compared to
GW5,19ALP23, GW4,20ALP23 lacks leucine residues on
either side of the terminal tryptophans such that W4 and
W20 have Ala neighbors instead of Leu neighbors, and
this may influence the dynamics. GW4,20ALP23 addition-
ally contains a longer hydrophobic core than that of
GW5,19ALP23, consisting of two additional residues. The
length of the hydrophobic core varies for each face of
the helix. After considering both the core length and the
competition between W4 and W20, a high ‘‘slippage’’ about
the helix axis is likely the most facile way in which the
peptide can compensate and minimize hydrophobic
mismatch. Therefore, the extensive motional averaging of
GW4,20ALP23 observed in DLPC and DOPC bilayers is
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not surprising. However, the lack of additional motion
when the helix is incorporated into DMPC bilayers is
unexpected.

Notably, GW4,20ALP23 is seemingly well-behaved with
only modest dynamics about the helix average rotation in
DMPC bilayers. The core helix adopts a small tilt angle t0
of 3–5� as determined by both the GALA and Gaussian
analysis methods while maintaining a sr of �50�, a value
that is comparable to that observed for GW5,19ALP23 in
DMPC, DLPC, and DOPC bilayers (Table 4). This behavior
of GW4,20ALP23 is different from that of Y4,5GW19ALP23,
which retains its high level of dynamics about the helical
axis in all three lipids. Additionally, in DMPC bilayers,
the lowest RMSD values are fitted to higher values of st,
which suggests that the helical wobble may have an impact.
DLPC and DOPC bilayers have hydrophobic thicknesses
(excluding the head group region) of 20.8 and �26 Å,
respectively, at 50�C (46,47) and may match the hydropho-
bic length of GW4,20ALP23 less well than does DMPC. A
DMPC bilayer of 24.8 Å (at 50�C) (46) is of similar thick-
ness to the intertryptophan distance of 24 Å for the 16
residues in the a-helix between W4 and W20 in
GW4,20ALP23. It is plausible, therefore, that DMPC may
be an optimal environment for GW4,20ALP23 to adopt a
‘‘stabilized’’ orientation with wobbling about the membrane
normal over a low tilt angle without the need for additional
motions about the peptide average rotation to further
minimize hydrophobic mismatch. The substantial un-
winding of the helix at residues 3 and 21 (Fig. 7)
confirms a maximal length for the core helix. The behavior
of GW4,20ALP23 in DMPC/DHPC bicelles, although
arguably somewhat more dynamic, further supports these
concepts.

Data points for peptides in DMPC/DHPC bicelles and
DMPC bilayers have been used interchangeably in the
past because of the almost indistinguishable results when
the sample types are compared using either the semistatic
or Gaussian analyses (17). Although the quadrupolar wave
plots generated by both analyses are similar (Fig. 9), we
find that GW4,20ALP23 nevertheless is consistently found
to adopt a slightly different preferred rotation corresponding
to a 10� difference in r0 in bicelles compared to DMPC
bilayer samples. The Gaussian analysis agrees with this dif-
ference in rotation and furthermore finds a higher rotational
distribution reflected by sr for the peptide within a bicelle
environment. The topology of the mixed lipids found in bi-
celles is somewhat different from that of DMPC bilayers
and may play a role in the different rotational minimum
and higher level of dynamic averaging that is observed for
the helix in bicelles. A bicelle’s discoid shape is composed
of a long-chained DMPC lipid bilayer surrounded by a
curved edge formed by a short-chained DHPC lipid assem-
bly that protects the longer lipids from the surrounding
solvent (48). Hydration is also somewhat higher for bicelle
samples and thus can increase the membrane fluidity. The sr
calculated for GW4,20ALP23 in bicelle samples is in
between the value calculated in DMPC bilayers and the
extensive motion calculated for both DLPC and DOPC bila-
yers. The size of the 15N PISAwheel (Fig. 6) agrees with the
presence of additional motional averaging for the peptide in
bicelles, as the signals partially collapse toward a single
locus, a behavior also exhibited by the signals from the
highly dynamic W2,22W5,19ALP23 helix (Fig. 6). One pos-
sibility is that the more fluid bicelle environment may
impact the GW4,20ALP23 helix to induce more extensive
rotational oscillations (larger sr) to compensate. The edges
of the bicelle at which the DMPC lipids meet the shorter
DHPC lipids may also impact the helix properties, which
would be seen as a system average. For example, an aver-
aging between central and outer populations of the peptide
would influence the NMR spectra. We also note that the
t0 calculated by the combined Gaussian analysis of the com-
plete bicelle data set does not deviate from the semistatic
analysis, whereas sr remains relatively high. The overall
results suggest somewhat increased dynamics about the pep-
tide’s average rotation for GW4,20ALP23 in bicelles versus
bilayer samples.

Previously, it was reported that transmembrane peptides
with low t0 usually can be fitted with multiple solutions
(17) and that by increasing the number of observed 2H or
15N restraints, the array of possible solutions could be
significantly decreased. The large pool of data points and
interesting dynamics of the GW4,20ALP23 system provide
an opportunity to examine how a full Gaussian analysis,
using only 2H jDnqj values, compares to a combined
Gaussian analysis that incorporates both the 2H and 15N
data sets. For peptides such as GW5,19ALP23, the six
data points available from the CD3 side chains of the six
2H-labeled core alanine residues are not sufficient for reli-
able solutions for the four variables involved in a full
Gaussian analysis. If quadrupolar splittings can be
observed from some of the backbone Ca deuterons of the
labeled alanines, the resulting larger data set can some-
times suffice for a full Gaussian analysis (49). In the
absence of additional data points, a three-parameter modi-
fied Gaussian analysis proves to be useful. The modified
analysis may be implemented by setting st to a small finite
value and varying sr, r0, and t0 (13,19). For well-behaved
peptides that adopt a relatively large t0 in lipid bilayers,
such as GW5,19ALP23, the limited data set is less of an
issue, as the solutions calculated by the modified analysis
tend to agree with a semistatic GALA treatment and pre-
dict similar dynamics (see Table 6). The limitations of
the modified Gaussian calculation can be highlighted
when examining all eight 2H data points from the core
alanines of GW4,20ALP23 in DMPC bilayers and
comparing these results to those of the full Gaussian calcu-
lation over the same data set. The solutions calculated by
the modified Gaussian analysis may overestimate the pep-
tide dynamics, predicting somewhat higher values for both
Biophysical Journal 114, 2617–2629, June 5, 2018 2627



TABLE 6 Comparison of Full versus Modified Gaussian Analyses of GWALP23 Family Peptides in DMPC Bilayers Using
2H-Quadrupolar Splittings

Modifieda GW4,20ALP23 (8 Data Points) GW5,19ALP23 (6 Data Points)

(Fixed) st t0 r0 sr RMSD (kHz) t0 r0 sr RMSD (kHz)

5� 21� 346� 148� 0.98 13� 308� 44� 1.1

10� 19� 346� 138� 0.98 13� 308� 42� 1.2

15� 4.0� 344� 42� 0.96 16� 307� 51� 1.6

20� 5.0� 348� 51� 0.68 18� 306� 51� 2.3

Fullb t0 r0 sr RMSD (kHz)

5.0� 347� 51� 0.68

aA modified three-variable Gaussian treatment was used as described by (28) while constraining st to finite values (19).
bFor GW4,20ALP23, a full Gaussian analysis was used, and the resulting st-value was 20

�.
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t0 and sr with similar RMSD values (Table 6). The full
Gaussian calculation for GW4,20ALP23 in DMPC narrows
the solution range to lower values of t0 and sr, and pro-
vides a value of 20� for st while also giving a better
RMSD fit. Therefore, in this case, minor limitations to
the modified Gaussian analysis are revealed, and the advan-
tage of eight data points allows access to the full calcula-
tion and a narrower range of solutions for GW4,20ALP23.
Notably, the r0- and sr-values obtained from the combined
Gaussian analyses, utilizing bicelle data alone or bilayer 2H
data and bicelle 15N data, agree with the dynamic proper-
ties predicted by full Gaussian analysis (Table 5) and sug-
gest a lower extent of slippage about the helix axis in
DMPC bilayer samples compared to bicelles. Although
the combined analysis does not resolve the minor discrep-
ancies in r0 and sr observed between the bilayer and bi-
celle samples, its overall agreement with the full
Gaussian calculation further indicates the advantages of a
larger experimental data set when dealing with dynamic
transmembrane peptide systems such as GW4,20ALP23.

The radial locations of particular Trp residues about the
helix principal axis influence transmembrane helix dy-
namics. We have performed multiple analyses incorporating
2H NMR and 15N NMR data from solid-state NMR experi-
ments to determine the effects of relocating interfacial
tryptophan residues 5 and 19 outward and to opposing faces
of the GW5,19ALP23 framework to positions 4 and 20. The
extent of motion around the peptide helix axis then
becomes quite high in both DLPC and DOPC bilayers and
intermediate in DMPC/DHPC bicelles while remaining
moderate in DMPC bilayers. An added benefit of having
eight core alanine residues available for 2H labeling in the
GW4,20ALP23 framework is the opportunity to perform
calculations that reveal the complex behavior of this trans-
membrane helix. In summary, the numbers and precise loca-
tions of tryptophan residues are both important determinants
of the helix dynamics.
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